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Abstract
Background: The leishmaniases are a group of vector-borne parasitic diseases that represent a major international public
health problem; they belong to the most neglected tropical diseases and have one of the highest rates of morbidity and
mortality. The clinical outcome of infection with Leishmania parasites depends on a variety of factors such as parasite
species, vector-derived products, genetics, behaviour, and nutrition. The age of the infected individuals also appears to be
critical, as a significant proportion of clinical cases occur in children; this age-related higher prevalence of disease is most
remarkable in visceral leishmaniasis. The mechanisms resulting in this higher incidence of clinical disease in children are
poorly understood. We have recently revealed that sustained arginase activity promotes uncontrolled parasite growth and
pathology in vivo. Here, we tested the hypothesis that arginase-mediated L-arginine metabolism differs with age.
Methodology: The age distribution of patients with visceral or cutaneous leishmaniasis was determined in cohorts of
patients in our clinics in endemic areas in Ethiopia. To exclude factors that are difficult to control in patients, we assessed
the impact of ageing on the manifestations of experimental leishmaniasis. We determined parasite burden, T cell responses,
and macrophage effector functions in young and aged mice during the course of infection.
Results: Our results show that younger mice develop exacerbated lesion pathology and higher parasite burdens than aged
mice. This aggravated disease development in younger individuals does not correlate with a change in T helper cytokine
profile. To address the underlying mechanisms responsible for the more severe infections in younger mice, we investigated
macrophage effector functions. Our results show that macrophages from younger mice do not have an impaired capacity to
kill parasites; however, they express significantly higher levels of arginase 1 than aged mice and promote parasite growth
more efficiently. Thus, our results demonstrate that ageing differentially impacts on L-arginine metabolism and subsequent
effector functions of physiologically distinct macrophage subsets.
Conclusions: Here, we show that arginase-mediated L-arginine metabolism is modulated with age and affects the capacity
of macrophages to express arginase; the increased capacity to upregulate this enzyme in younger individuals results in a
more permissive environment for parasite growth, increased disease severity and pathology. These results suggest that the
difference in arginase-mediated L-arginine catabolism is likely to be an important factor contributing to the increased
incidence of clinical cases in children. Thus, targeting L-arginine metabolism might be a promising therapeutic strategy
against leishmaniasis, especially in children and young adults.
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Introduction
Infections with protozoan parasites inflict an immense toll on
the developing world; they are major causes of morbidity and
mortality and impede economic development. Leishmaniases are
vector-borne diseases, the parasites being transmitted by bites of
blood feeding female sandflies and causing different disease
manifestations in humans, ranging from the relatively benign
self-healing cutaneous form through the disseminated and diffuse
cutaneous, to the most severe visceral leishmaniasis. Leishmaniases
belong to the most neglected diseases, yet they occur in five
continents and are endemic in almost all tropical and subtropical
areas [1]. The rising incidence of leishmaniasis around the world is
an increasing concern for many countries.
A multitude of factors, including parasite and vector species,
host immune responses, genetic and environmental factors
influence the outcome of infection. The age of the infected
individual also appears to be crucial, as a high proportion of the
patients are children. This age-related higher prevalence of disease
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is most remarkable in visceral leishmaniasis [2,3,4,5,6,7,8,9,10].
The mechanisms resulting in this higher incidence of clinical cases
in children however are poorly understood.
Leishmania are obligate intracellular parasites they survive and
replicate predominantly in macrophages. Experimental infections
of inbred strains of mice with Leishmania (L.) major have established
the current paradigm of T helper (Th) subset involvement in
infectious diseases. Control of infection and healing has been
associated with a polarized Th1 response whereas non-healing is
attributed to a dominant Th2 response [11]. However, the
regulation of immune responses against Leishmania parasites is
complex and Th2 dominance does not fully explain non-healing or
reactivated forms of disease [12,13].
Macrophages, the main effector cells in leishmaniasis, can be
instructed to kill or to promote the growth of intracellular
Leishmania parasites, depending on the balance of two inducible
enzymes, nitric oxide synthase 2 (NOS2) and arginase. These two
enzymes use a common substrate, L-arginine, and are competi-
tively regulated by type1 and type 2 cytokines [14]. The fate of the
intracellular parasite depends on the type of signal the macro-
phages receive: the type 1 cytokine interferon-c (IFN-c) induces
classical activation of macrophages and expression of NOS2 that
oxidizes L-arginine into nitric oxide (NO), a metabolite responsible
for parasite killing [15]; the key type 2 cytokine IL-4 results in
alternative activation of macrophages and the induction of
arginase [16,17]. Arginase initiates one of the classic pathways of
arginine degradation and it regulates NO synthesis [18]. Two
distinct arginase isoforms, encoded by different genes and differing
in their cellular localization, have been identified in mammals:
type 1 arginase is cytosolic and type 2 arginase is mitochondrial
[19]. Arginase hydrolyzes L-arginine to urea and ornithine; the
latter being the main intracellular source for synthesis of
polyamines necessary for parasite growth. Indeed, we recently
showed that sustained arginase activity promotes uncontrolled
parasite growth and pathology in vivo [20].
In the current study we tested the hypothesis that arginase-
mediated L-arginine metabolism is altered with age and thereby
modulates the capacity of macrophages to control parasite growth.
Materials and Methods
Mice
3–4 and 6–8 week old female BALB/c mice (Charles River,
UK) were kept in individually vented cages for up to 18 months.
The animal colonies, screened regularly for mouse pathogens,
consistently tested negative. Animal experiments were performed
in accordance with Home Office and institutional guidelines.
Patients
Data from 91 patients diagnosed with cutaneous leishmaniasis
(CL) at the University of Addis Ababa in the time period from July
2005–April 2007 were used for determination of age distribution
of CL. Diagnosis was confirmed by smear and/or NNN culture
and later confirmed to be due to L. aethiopica by biochemical typing
of randomly selected strains. Typing of selected strains was done
by a multi-locus enzyme electrophoresis (MLEE) technique at the
Istituto Superiore di Sanita in Rome, Italy.
Data from 37 patients diagnosed from 1997–2000 with visceral
leishmaniasis (VL) from an endemic region in Ethiopia were used
to determine the age distribution of VL. All VL cases were due to
L. donovani (determined by MLEE) and were diagnosed as
described [21]. The presence of parasites in lymph node or
splenic aspirates was assessed by direct smear or culture [21].
Experimental infection with L. major parasites
For infections, 26106 L. major LV39 (MRHO/SU/59/P-strain)
promastigotes were injected s.c. into the footpad and lesions were
monitored as described [22].
Determination of parasite load
The number of living L. major parasites in infected tissues was
determined using the parasite limiting dilution assay [22].
Determination of arginase activity
Arginase activity was measured in macrophage lysates as
previously described [14,20]. One unit of enzyme activity was
defined as the amount of enzyme that catalyzes the formation of
1 mmol of urea per min.
Arginase activity at the site of lesions was determined ex vivo
using 1–10 ml of footpad homogenate, and the method described
above.
Amastigotes were purified from the lesions as described in [23]
and arginase activity was determined as described above.
Western Blot Analysis
Arginase 1 protein expression was determined by western blot
as described [20], using anti-arginase 1, a rabbit polyclonal
antibody raised against rat arginase 1, which cross-reacts with
mouse arginase 1 but not arginase 2 [24].
Cytokine measurements
Draining lymph nodes from individual mice (56106 cells/ml)
were restimulated with 16106/ml L. major promastigotes. Forty-
eight hours later, culture supernatants were harvested and
cytokines determined by ELISA according to the supplier’s
protocol (Pharmingen). Detection limits are 20 pg/ml for IL-4,
20 pg/ml for IL-10 and 1 U/ml for IFN-gamma.
The frequency of CD4+ T cells expressing IL-4, IL-10 or IFN-c
was determined by flowcytometry as described [25]. Detection of
intracellular cytokines was determined using an EPICS XL
instrument (Beckman Coulter). Data were analyzed using Beck-
man Coulter Expo 32 software.
Proliferation assay
The proliferative capacity of CD4+ T cells was determined by
flowcytometry, measuring BrdU incorporation as described [26].
Author Summary
It is well documented that ageing alters many aspects of
immune responses; however, a causal relation between
impaired immune functions in ageing individuals and the
response to infection has not been established. Experi-
mental leishmaniasis is an excellent model to analyse
protective and pathological immune responses. Leishman-
ia parasites are obligate intracellular pathogens and invade
mainly macrophages, which have dual function: they can
kill the parasites or promote their growth. We have
recently shown that arginase, an enzyme induced in
infected macrophages, is a key factor for parasite survival.
Here, we show that ageing reduces the expression levels
of arginase in macrophages, resulting in more efficient
control of parasite growth. Our results suggest that age-
related differences in the metabolism of arginase in
macrophages might contribute to the higher susceptibility
of children to leishmaniasis.
Arginase and Leishmaniasis
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Macrophages
Bone marrow obtained by flushing the femurs of naı¨ve mice was
cultured during 8 days in hydrophobic Teflon bags as described
[14].
Macrophage activation markers
Macrophages were stimulated with 100 U/ml IFN-g (Pepro-
tech) and 500 U/ml TNF-a (Peprotech) or with 20 U/ml IL-4
(Peprotech) for 48 hr. BMMW (56105) were incubated with FcR
blocking reagent (Pharmingen) for 5 min and anti-CD206
(Serotec), anti-CD40, anti-CD80 or anti-CD86 mAbs
(eBioscience) were added for 20 min at 4uC. The expression of
CD206, CD40, CD80 and CD86 was determined using an EPICS
XL instrument (Beckman Coulter).
Nitrite determination
NO2
2 accumulation was used as an indicator of NO production
and measured using Griess reagent [22].
Determination of L. major parasite growth in
macrophages
Mature macrophages (56105/ml) were plated and stimulated
with either 100 U/ml IFN-c (Peprotech) and 500 U/ml TNF-a
(Peprotech) or indicated concentrations of IL-4 or IL-13
(Peprotech) and infected with 256105/ml L. major parasites. After
four days the macrophages were washed, lysed and the number of
viable parasites was determined as described [22].
Statistical analyses
Statistical differences were determined using a two-tailed Mann-
Whitney test. Differences were considered statistically significant at
P,0.05.
Results
Effect of age on disease development
To assess the impact of ageing on the development of
experimental leishmaniasis, genetically susceptible young (6–8
week) and older (12 months) BALB/c mice were infected s.c.
with L. major parasites and lesion development and parasite load
were determined. The onset of lesion development was similar
in both groups of mice. After three weeks of infection, the young
BALB/c mice started to develop ulcers and 4 weeks later, the
experiment had to be terminated owing to severity of the
lesions. In contrast, older BALB/c mice had clearly reduced
pathology; they did not develop ulcers and their lesions
stabilized (Figure 1a). Consistent with the exacerbated pathol-
ogy and increased lesion size, the parasite load at the site of the
lesion was significantly higher in the young than in old BALB/c
mice (Figure 1b). Similar results were obtained with mice aged
8, 12 and 18 months (data not illustrated). These results show
that disease pathology is clearly exacerbated in young BALB/c
mice.
Data obtained on leishmaniasis in our clinics in endemic
regions of Ethiopia show that 67% of cases of cutaneous
leishmaniasis occur in people younger than 26, and even more
striking, 85% of cases of visceral leishmaniasis occur in children
under 16 years (Figure 2). Thus in the human, the majority of
the clinical cases appears to occur in younger individuals.
Whereas many factors are likely to contribute to this higher
prevalence of clinical cases in younger individuals, these data
supports our finding that age is a major factor in the control of
disease.
Increased disease severity is not associated with a
significant alteration of the Th phenotype
To assess whether the increased disease severity (Figures 1a and
b) observed in young BALB/c mice correlated with modulation of
the T helper phenotype, we determined antigen-specific cytokine
production by lymph node cells. Interestingly in all experiments
performed there was a consistent increase in the levels of antigen-
specific IFN-c, IL-4 and IL-10 in the aged mice, however, these
differences were not statistically significant (P.0.05) (Figure 3 and
Table 1). In agreement with these results, the frequencies of CD4+
T cells expressing IFN-c, IL-4 or IL-10 were not significantly
different between young and aged mice (Table 2). In addition, the
capacity of CD4+ T cells to proliferate in response to L. major
parasites was similar (Table 2).
These results indicate that increased disease severity in young
BALB/c mice is unlikely to be due to alterations in the key Th
cytokine profile.
Higher arginase activity at the site of pathology
correlates with disease exacerbation
We have recently shown that in L. major infected healer strains of
mice (CBA, C57BL/6), arginase activity is low, only detectable
during active disease. In contrast, increasing arginase activity was
detected at the local site of lesion, and clearly correlated with
uncontrolled parasite replication and lesion size in nonhealing
BALB/c mice [20]. To assess whether the exacerbation of disease
in young mice was also associated with higher arginase expression
at the site of infection, we determined the activity of this enzyme.
The data presented in Figure 4a do indeed show significantly
higher arginase activity in the lesions of young BALB/c mice than
in those of their older counterparts. We also determined arginase 1
protein expression by Western blot and found arginase to be
higher in the lesions of young mice (Figure 4b).
Hormones such as estrogens can influence resistance to
infections [27,28,29,30,31]; since estrogens are significantly higher
in mice of reproductive age, in the next experiment we use pre-
pubertal mice aged 3–4 weeks and determined whether they
displayed an altered resistance to L. major infection. As shown in
Figure 4c, the lesion size was slightly higher in 3–4 weeks old mice
as compared to those of young adult mice (10 week old).
Importantly lesion sizes from 3–4 and 10 week old mice were
significantly higher then those of aged mice (40 week old).
Accordingly, both parasite loads and arginase activities at the site
of infection were significantly increased in both pre-pubertal and
adult mice as compared to aged mice.
The increased arginase activity and arginase protein expression
in the lesions of young L. major infected BALB/c mice support our
hypothesis that arginase mediated L-arginine metabolism alters
with age. These results further confirm our previous conclusion
that the level of arginase activity correlates with disease severity
[20].
We and others have shown that Leishmania parasites express
their own arginase [20,32,33]. Therefore, to measure the
contribution of parasite arginase to the total levels of arginase
activity measured in the lesions of BALB/c mice, we measured
arginase in the whole lesions, as well as in amastigotes purified
from lesions. As shown in Figure 4d, we could detect low levels of
arginase activity in the purified amastigotes, however it was 40.5-
fold lower as compared to that detected in the parasitised lesions.
No arginase 1 protein was detectable by Western blot in the
purified amastigotes (data not shown). These results show that
arginase activity from amastigotes only contributes minimally to
arginase activity measured in the lesions.
Arginase and Leishmaniasis
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Ageing does not affect classically activated macrophages
Since macrophages are the ultimate effector cells, and arginase
activity is increased in lesions of young mice, we reasoned that
macrophages derived from old and young mice must differ in the
efficiency of their effector functions. To test this hypothesis, we first
examined the expression of activation markers on classically
activated macrophages (CAMW) No differences were detected in
the expression of CD86, CD40, CD80 and CD206 between
CAMW from young and older mice (Figure 5a). We also assessed
the capacity of CAMW from young and old mice to upregulate
NOS2 and produce NO. MW from both groups produced similar
levels of NO in response to IFN-c/TNF-a in the absence or
presence of parasites (Figure 5b). Furthermore, we determined NO
production by CAMW derived from pre-pubertal, adult and aged
mice. As shown in Table 3, NO production was similar in all age
groups.
We conclude that ageing does not affect the capacity of CAMW
to induce NOS2 or to generate NO and did not alter expression
levels of activation markers in CAMW.
Alternatively activated macrophages derived from young
mice express higher levels of arginase
We next examined the capacity of alternatively activated (AA)
MW from young and old mice to exert their effector functions.
AAMW were obtained by differentiating mature bone marrow MW
with IL-4 or IL-13 alone, as IL-10, which synergizes with IL-4 and
strongly enhances the expression levels of arginase, acts on a
different receptor [17]. We found no differences in the expression
of CD206, CD40, CD80 and CD86 between AAMW derived from
young and older mice (Figure 6a). We then assessed the capacity of
macrophages from young and older mice to induce arginase in
response to IL-4 or IL-13. As shown in Figure 6b, upregulation of
arginase was observed in both age groups of AAMW, and infection
with L. major parasites enhanced the arginase levels even further.
Importantly, AAMW derived from young mice displayed signifi-
cantly higher arginase activity in response to IL-4 or IL-13. We
also examined the capacity of AAMW derived from pre-pubertal
BALB/c mice (3–4 weeks) to express arginase; as shown in Table 4,
similarly to adult mice, they express significantly more arginase
then aged mice (40 weeks). These results show that ageing alters
the capacity of AAMW to express arginase.
Higher arginase activity correlates with increased
parasite replication in macrophages derived from young
mice
The polyamines resulting from the hydrolysis of L-arginine by
arginase are essential for parasite growth [20,34]. Here we
hypothesize that lower arginase activity in AAMW from older mice
Figure 1. Severity of experimental leishmaniasis is increased in young BALB/c mice. Groups of young (6–8 weeks) and older (12 months)
BALB/c mice were infected with 26106 L. major promastigotes in one hind footpad. (a) The lesion development was monitored by measuring the
increase in footpad thickness at regular intervals; the error bars represent standard error of the mean; (b) the parasite load was determined by limiting
dilution assay 4 weeks post infection; the horizontal bar represents the average value. Data show the results of one representative experiment out of
six independent experiments.
doi:10.1371/journal.pntd.0000235.g001
Figure 2. Age distribution of visceral and cutaneous leishman-
iasis. The age distribution of patients suffering from visceral (n = 37,
circle) or cutaneous (n = 91, triangle) leishmaniasis was determined in
endemic areas of Ethiopia.
doi:10.1371/journal.pntd.0000235.g002
Arginase and Leishmaniasis
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(Figures 4a, b and 6b) is responsible for the decrease in parasite
replication.
To determine whether AAMW from young and old mice
support L. major replication differently, we examined the number
of viable parasites by limiting dilution assay. There is a clearly
higher parasite load in AAMW derived from young mice
compared to those in older mice (Figure 7), indicating that
AAMW from young mice promote parasite growth more
effectively then AAMW from older mice. CAMW from both
groups, however, are equally efficient in parasite killing
(Figure 7), suggesting transport of L-arginine is sufficient in both
age groups.
The results show that AAMW from young mice provide a more
permissive environment for parasite growth, directly linking the
higher arginase activity (Figures 1b, 4 and 6) to increased parasite
replication (Figure 7).
Discussion
Our results show that younger BALB/c mice develop clearly
exacerbated disease as compared to older mice, as demonstrated
by more pronounced lesions, pathology and higher parasite
burdens at the site of parasite inoculation. This aggravation of
disease correlates with a higher arginase activity expressed at the
site of infection. This is due to altered macrophage effector
functions, as AAMW derived from younger mice have an increased
capacity to express arginase. To our knowledge, this is the first
report showing an age-related modulation of arginase expression.
Figure 3. Exacerbation of disease in young BALB/c mice is not associated to a switch in Th phenotype. Groups of young (6–8 weeks) and
older (12 months) BALB/c mice were infected with 26106 L. major promastigotes in one hind footpad. Four weeks post infection, the popiteal lymph
nodes were harvested and restimulated with L. major parasites. The supernatant were harvested and tested for their content of cytokines by ELISA.
The error bars represent standard error of the mean and data show the results of one representative experiment out of three independent
experiments.
doi:10.1371/journal.pntd.0000235.g003
Table 1. Cytokine production.
Exp. 1 IFN-c (U/ml) IL-4 (pg/ml) IL-10 (pg/ml)
Young 92.8639.4 703.56261.5 1181.86499.0
Aged 202.8666.8 1066.06232.7 20926733
Exp. 2
Young 33.768.8 1234.76212.4 1650.86202.3
Aged 86.9630.9 1579.76261.1 22046594.4
Exp. 3
Young 28.067.4 899.56144.0 1425.36360.7
Aged 50.3610.4 1033.5676.1 1723.36276.7
Groups of young (6–8 weeks) and older (12 months) BALB/c mice were infected
with 26106 L. major promastigotes in one hind footpad. Four weeks post
infection, the popliteal lymph nodes were harvested and restimulated with L.
major parasites. The supernatant were harvested and tested for their content of
cytokines by ELISA. The data represent the cytokine concentration6standard
error of the mean and data show the results of three independent experiments
are represented.
doi:10.1371/journal.pntd.0000235.t001
Table 2. Proliferation and frequency of cytokine-producing
CD4+ T cells.
Proliferation Cytokine expression
% CD4+BrdU+ % CD4+IFN-c + % CD4+IL-4+ % CD4+IL-10+
Young 28.763.7 16.462.6 16.263.8 11.062.5
Aged 28.068.5 20.463.3 15.063.4 10.061.1
Groups of young (6–8 weeks) and older (12 months) BALB/c mice were infected
with 26106 L. major promastigotes in one hind footpad. Four weeks post
infection, the popiteal lymph nodes were harvested and restimulated with L.
major parasites. The frequency of cytokine-expressing CD4+ T cells was
determined by intracellular cytokine staining and the frequency of proliferating
CD4+ T cells was determined by BrdU incorporation.
Data show the results of one representative experiment out of three
independent experiments.
doi:10.1371/journal.pntd.0000235.t002
Arginase and Leishmaniasis
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Importantly, arginase activity in vivo was also increased at the site
of lesion in L. major infected younger BALB/c mice. We have
recently shown that sustained arginase activity promotes uncon-
trolled parasite growth in BALB/c mice and is pivotal for parasite
growth [20]. Thus, increased arginase activity in macrophages
from young mice results in increased L-arginine catabolism and
consequently increased levels of polyamines, providing a more
permissive environment for parasite replication.
The reduced parasite growth in macrophages from elderly mice
could be due to enhanced parasite killing or reduced parasite
growth or a combination of both. The results presented in Fig. 5b
show that the potential of bone marrow derived classically
activated macrophages to generate nitric oxide is comparable in
cells derived from young, adult and elderly mice.
In contrast, the potential to induce arginase activity declined
with age and the presence of L. major parasites further enhanced
arginase activity (Fig. 6b). Both arginase and iNOS compete for
utilizing L-arginine, however, this does not necessarily indicate
that the increased susceptibility is due insufficient parasite killing.
Improved control of parasite growth in the elderly is not
necessarily due to a shift of the L-arginine metabolism towards
the iNOS pathway and enhanced NO production. The expression
of both of the L-arginine metabolizing enzymes in macrophages is
induced by type 1 and type 2 cytokines, respectively and activation
of macrophages results in increased expression of cationic amino
acid transporters and increased transport of L-arginine into the
macrophages; both enzyme levels and L-arginine transport
determine the catabolic rate. Thus, the net-effect of unaltered
generation of NO ( = constant rate of killing) and reduced
induction of arginase activity ( = reduced nutrients, reduced
growth) with age is likely to account for the improved disease
control. Indeed, we previously showed that arginase directly
regulates parasite growth without affecting NO synthesis [20]. In
this context, it is important to note that macrophages synthesize
Figure 4. Higher arginase activity at the site of pathology correlates with exacerbation of disease. Groups of young (6–8 weeks) and
older (12 months) BALB/c mice were infected with 26106 L. major promastigotes in one hind footpad. Four weeks post infection, the infected
footpads were harvested and the level of arginase activity was determined by enzymatic assay (a) or western blot (b). (c) Groups of pre-pubertal mice
(3–4 weeks), adult (10 weeks) or older (40 weeks) BALB/c mice were infected with 26106 L. major promastigotes in one hind footpad and the lesion
development was monitored by measuring the increase in footpad thickness at regular intervals; the error bars represent standard error of the mean
(left panel); 4 weeks post infection, the infected footpads were harvested and the parasite load (upper right panel) and arginase activity (lower right
panel) were measured. (d) BALB/c mice were infected with 26106 L. major promastigotes in one hind footpad. Four weeks post infection, the infected
footpads were harvested and arginase activity was determined both in the footpads and in the amastigotes purified from the footpads. The
horizontal bar represents the average value and data show the results of one representative experiment out of three independent experiments.
doi:10.1371/journal.pntd.0000235.g004
Arginase and Leishmaniasis
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proline via the arginase pathway and this macrophage-generated
proline could also be used by the parasites. In agreement with our
findings, arginase 1 has been shown to be limiting for polyamine
synthesis without affecting NO levels in activated macrophages
[35,36].
We have previously shown that the levels of arginase 1
expressed by L. major parasites influence their virulence [32] and
parasite arginase can catabolize radioactive labelled L-arginine
[32]. Thus, parasite arginase activity is likely to influence the early
immune response. Importantly, the levels of arginase expressed by
intracellular L. major amastigotes are negligible as compared to
macrophage arginase (Figure 4d) [32]. In agreement with these
findings, a recent publication showed that arginase activity
expressed by L. mexicana amastigotes is only a minute fraction
compared to the macrophages arginase activity (0.418 in
macrophages, 0.0235 by parasites [37]).
In conclusion, these in vitro results indicate that macrophages
from aged mice provide a less favourable environment for parasite
growth than those from younger mice due to reduced nutrient
availability.
Ageing is generally associated with a decline of immune
responses [38] and some responses can be improved by targeting
L-arginine metabolism [39]. L-arginine administration is benefi-
cial in conditions such as trauma, stress, burn or injury, it improves
immune functions and facilitates wound healing [40].
Arginase plays a crucial role in wound healing, a process
severely impaired in the elderly. During wound healing, NOS and
arginase are induced in a time-coordinated manner [41], with
NOS expression peaking first and to be particularly important in
initiating the inflammatory phase. Arginase is expressed later and
is of prime importance in actual wound healing; the conversion of
Figure 5. Classically activated macrophages are not affected by ageing. BMMW were derived from young (6–8 weeks) and older (12 months)
BALB/c mice and stimulated into CAMW with IFN-c and TNF-a or into AAMW with IL-4 or IL-13. (a) Activation markers were determined by flow
cytometry; (b) NO production was assessed by using the Griess reagents. The error bars represent standard deviation and data show the results of
one representative experiment out of four independent experiments.
doi:10.1371/journal.pntd.0000235.g005
Table 3. NO2 production by activated macrophages.
Age groups +L. major 2L. major
3–4 weeks 70.963.3 65.661.2
10 weeks 67.666.1 62.560.3
40 weeks 71.860.1 67.560.5
BMMW were derived from pre-pubertal (3–4 weeks), young adult (10 weeks)
and older (40 weeks) BALB/c mice and differentiated into CAMW with IFN-c and
TNF-a and NO2 production was assessed by using the Griess reagents.
Data show the results of one representative experiment out of two
independent experiments.
doi:10.1371/journal.pntd.0000235.t003
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L-arginine into urea and ornithine and its metabolism to
polyamines initiates the repair phase of the inflammatory response
[42]. The reduced expression of arginase in macrophages from
older individuals is likely to result in lower levels of ornithine,
thereby reducing collagen formation and the proliferation of cells,
which might then result in delayed or ineffective wound healing.
In experimental leishmaniasis, uncontrolled disease develop-
ment is generally associated with a strong Th2-type response [11],
however, strong polarized Th2 responses are not sufficient to
Figure 6. Arginase expression is increased in alternatively activated macrophages from young mice. BMMW were derived from young
(6–8 weeks) and older (12 months) BALB/c mice and differentiated into AAMW with IL-4 or IL-13. (a) Activation markers were determined in L. major
infected and uninfected cells by flow cytometry; (b) arginase activity was measured by enzymatic assay. The error bars represent standard deviation
and data show the results of one representative experiment out of four independent experiments.
doi:10.1371/journal.pntd.0000235.g006
Table 4. Arginase activity in activated macrophages.
Age groups +L. major 2L. major
3–4 weeks 266.7623.6 243.1633.3
10 weeks 232.7623.8 221.1650.3
40 weeks 155.6621.3 135.2623.8
BMMW were derived from pre-pubertal (3–4 weeks), adult (10 weeks) and older
(40 weeks) BALB/c mice and differentiated into AAMW with 20 U/ml IL-4 and
arginase activity was measured by enzymatic assay.
Data show the results of one representative experiment out of two
independent experiments.
doi:10.1371/journal.pntd.0000235.t004
Figure 7. Alternatively activated macrophages from young
mice have an increased capacity to promote parasite growth.
BMMW were derived from young (6–8 weeks) and older (12 months)
BALB/c mice, differentiated into CAMW with IFN-c and TNF-a or into
AAMW with IL-4 and infected with L. major. Four days later, the number
of viable parasite per 16106 MW was determined by LDA.
doi:10.1371/journal.pntd.0000235.g007
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explain fully nonhealing [12,13]. In agreement with the cited
studies, our results show that amelioration of disease in older mice
does not depend on a switch from a Th2- to a Th1-type response.
The analysis of the Th1-Th2 cytokine balance during ageing has
often resulted in contradictions; both impaired [43] and enhanced
Th2 responses [44] have been reported. Factors such as the use of
different strains of mice and parasites are likely to contribute to
contradictory results.
In support of the increased incidence of leishmaniasis in
children and young adults two studies, using mathematical models,
have shown an association between age and rate of Leishmania
infection and suggest that susceptibility to disease declines with age
[45,46]. However, the relationship between age and susceptibility
to disease remains an open question. The development and
manifestation of disease is the result of a dynamic interplay of a
range of different environmental, host-, vector- and parasite-
derived factors. Many factors such as nutrition, co-infections,
behaviour, differences in metabolic pathways, and prolonged
exposure to repeated bites by infected sandflies are important, but
difficult to measure in patients. It still remains unclear why there
are fewer clinical cases in older people; acquired immunity to re-
infection is likely to be on of the main factors; indeed, unexposed
adults display a higher susceptibility to infection as compared to
the population living in endemic areas [47]. Furthermore,
asymptomatic infections appear to provide natural immunisation
[48]. In another study where VL was shown to be a disease of
children, it was shown that there was a significantly higher
prevalence of adults with positive Leishmanin Skin Test (LST),
suggesting that they had acquired immunity [49] However,
children remain the main risk group for VL [46] and in several
outbreaks, children were the population most at risk
[49,50,51,52,53] suggesting that acquired immunity alone might
not be sufficient to explain age related higher prevalence of
leishmaniasis. The higher level of protection against leishmaniasis
with age could also be due to qualitative differences in cell-
mediated immune responses in children and older people.
Based on our results, we propose that increased arginase
expression and L-arginine catabolism contribute to exacerbation
of leishmaniasis in younger individuals. The therapeutic regulation
of L-arginine metabolism may provide a target for disease
intervention.
Acknowledgments
We thank to Drs. B. Griffin, B. Askonas, R. Aspinall, C.Bangham, and U.
Kadolsky for critically reading this manuscript.
Author Contributions
Conceived and designed the experiments: I. Mu¨ller, P. Kropf. Performed
the experiments: I. Mu¨ller, A. Hailu, B. Choi, T. Abebe, J. Fuentes, P.
Kropf. Analyzed the data: I. Mu¨ller, A. Hailu, M. Munder, M. Modolell,
P. Kropf. Contributed reagents/materials/analysis tools: I. Mu¨ller, P.
Kropf. Wrote the paper: I. Mu¨ller, P. Kropf.
References
1. Desjeux P (1999) Global control and Leishmania HIV co-infection. Clin
Dermatol 17: 317–325.
2. Evans TG, Teixeira MJ, McAuliffe IT, Vasconcelos I, Vasconcelos AW, et al.
(1992) Epidemiology of visceral leishmaniasis in northeast Brazil. J Infect Dis
166: 1124–1132.
3. Badaro R, Jones TC, Lorenco R, Cerf BJ, Sampaio D, et al. (1986) A
prospective study of visceral leishmaniasis in an endemic area of Brazil. J Infect
Dis 154: 639–649.
4. Velo E, Bino S, Kuli-Lito G, Pano K, Gradoni L, et al. (2003) Recrudescence of
visceral leishmaniasis in Albania: retrospective analysis of cases during 1997 to
2001 and results of an entomological survey carried out during 2001 in some
districts. Trans R Soc Trop Med Hyg 97: 288–290.
5. Alborzi A, Rasouli M, Shamsizadeh A (2006) Leishmania tropica-isolated
patient with visceral leishmaniasis in southern Iran. Am J Trop Med Hyg 74:
306–307.
6. Marlet MV, Wuillaume F, Jacquet D, Quispe KW, Dujardin JC, et al. (2003) A
neglected disease of humans: a new focus of visceral leishmaniasis in Bakool,
Somalia. Trans R Soc Trop Med Hyg 97: 667–671.
7. Marlet MV, Sang DK, Ritmeijer K, Muga RO, Onsongo J, et al. (2003)
Emergence or re-emergence of visceral leishmaniasis in areas of Somalia, north-
eastern Kenya, and south-eastern Ethiopia in 2000-01. Trans R Soc Trop Med
Hyg 97: 515–518.
8. Tanir G, Taylan Ozkan A, Daglar E (2006) Pediatric visceral Leishmaniasis in
Turkey. Pediatr Int 48: 66–69.
9. Ryan JR, Mbui J, Rashid JR, Wasunna MK, Kirigi G, et al. (2006) Spatial
clustering and epidemiological aspects of visceral leishmaniasis in two endemic
villages, Baringo District, Kenya. Am J Trop Med Hyg 74: 308–317.
10. Abdeen ZA, Sawalha SS, Eisenberger CL, Khanfar HM, Greenblatt CL, et al.
(2002) Epidemiology of visceral leishmaniasis in the Jenin District, West Bank:
1989–1998. Am J Trop Med Hyg 66: 329–333.
11. Sacks DL, Noben-Trauth N (2002) The immunology of susceptibility and
resistance to Leishmania major in mice. Nature Reviews Immunol 2: 845–858.
12. Anderson CF, Oukka M, Kuchroo VJ, Sacks D (2007) CD4(+)CD25(2)
Foxp3(2) Th1 cells are the source of IL-10-mediated immune suppression in
chronic cutaneous leishmaniasis. J Exp Med 204: 285–297.
13. Noben-Trauth N, Kropf P, Mu¨ller I (1996) Susceptibility to Leishmania major
infection in interleukin-4 deficient mice. Science 271: 987–990.
14. Modolell M, Corraliza IM, Link F, Soler G, Eichmann K (1995) Reciprocal
regulation of the nitric oxide synthase/arginase balance in mouse bone marrow-
derived macrophages by TH1 and TH2 cytokines. Eur J Immunol 25:
1101–1104.
15. Wei X, Charles IG, Smith A, Ure J, Feng G, et al. (1995) Altered immune
responses in mice lacking inducible nitric oxide synthase. Nature 375: 408–411.
16. Loke P, Nair MG, Parkinson J, Guiliano D, Blaxter M, et al. (2002) IL-4
dependent alternatively-activated macrophages have a distinctive in vivo gene
expression phenotype. BMC Immunology 3: 7.
17. Gordon S (2003) Alternative activation of macrophages. Nature Reviews
Immunology 3: 23–35.
18. Wu G, Morris SM Jr (1998) Arginine metabolism: nitric oxide and beyond.
Biochem J 336 (Pt 1): 1–17.
19. Cederbaum SD, Yu H, Grody WW, Kern RM, Yoo P, et al. (2004) Arginases I
and II: do their functions overlap? Mol Gen Metabol 81: S38–S44.
20. Kropf P, Fuentes JM, Fahnrich E, Arpa L, Herath S, et al. (2005) Arginase and
polyamine synthesis are key factors in the regulation of experimental
leishmaniasis in vivo. Faseb J 19: 1000–1002.
21. Hailu A, Menon JN, Berhe N, Gedamu L, Hassard TH, et al. (2001) Distinct
immunity in patients with visceral leishmaniasis from that in subclinically
infected and drug-cured people: implications for the mechanism underlying drug
cure. J Infect Dis 184: 112–115.
22. Kropf P, Brunson K, Etges R, Mu¨ller I (1998) The Leishmaniasis Model.
Immunology of Infection. 1st edition ed. San Diego: Academic Press. pp
419–458.
23. Glaser TA, Wells SJ, Spithill TW, Pettitt JM, Humphris DC, et al. (1990)
Leishmania major and L. donovani: a method for rapid purification of
amastigotes. ExpParasitol 71: 343–345.
24. Munder M, Eichmann K, Moran JM, Centeno F, Soler G, et al. (1999) Th1/
Th2-regulated expression of arginase isoforms in murine macrophages and
dendritic cells. J Immunol 163: 3771–3777.
25. Kropf P, Herath S, Tewari R, Syed N, Klemenz R, et al. (2002) Identification of
two distinct subpopulations of Leishmania major specific T helper 2 cells. Infect
Immun 70: 5512–5520.
26. Herath S, Kropf P, Mu¨ller I (2003) Cross-talk between CD8+ and CD4+ T cells
in experimental cutaneous leishmaniasis: CD8+ T cells are required for optimal
IFN-g production by CD4+ T cells. Parasite Immunol. pp 559–567.
27. Fulford AJ, Webster M, Ouma JH, Kimani G, Dunne DW (1998) Puberty and
Age-related Changes in Susceptibility to Schistosome Infection. Parasitol Today
14: 23–26.
28. Fuller A, Yahikozawa H, So EY, Dal Canto M, Koh CS, et al. (2007) Castration
of male C57L/J mice increases susceptibility and estrogen treatment restores
resistance to Theiler’s virus-induced demyelinating disease. J Neurosci Res 85:
871–881.
29. Borges-Walmsley MI, Chen D, Shu X, Walmsley AR (2002) The pathobiology
of Paracoccidioides brasiliensis. Trends Microbiol 10: 80–87.
30. Sugiura K, Nishikawa M, Ishiguro K, Tajima T, Inaba M, et al. (2004) Effect of
ovarian hormones on periodical changes in immune resistance associated with
estrous cycle in the beagle bitch. Immunobiology 209: 619–627.
Arginase and Leishmaniasis
www.plosntds.org 9 May 2008 | Volume 2 | Issue 5 | e235
31. Pung OJ, Tucker AN, Vore SJ, Luster MI (1985) Influence of estrogen on host
resistance: increased susceptibility of mice to Listeria monocytogenes correlates
with depressed production of interleukin 2. Infect Immun 50: 91–96.
32. Kropf P, Herath S, Weber V, Modolell M, Mu¨ller I (2003) Factors influencing
Leishmania major infection in IL-4 deficient BALB/c mice. Parasite Immunol
25: 439–447.
33. Roberts SC, Tancer MJ, Polinsky MR, Gibson KM, Heby O, et al. (2004)
Arginase plays a pivotal role in polyamine precursor metabolism in Leishmania:
Characterization of gene deletion mutants. J Biol Chem; in press, M402042200.
34. Iniesta V, Gomez-Nieto LC, Molano I, Mohedano A, Carcelen J, et al. (2002)
Arginase I induction in macrophages, triggered by Th2-type cytokines supports
the growth of intracellular Leishmania parasites. Parasite Immunol 24: 113–118.
35. Kepka-Lenhart D, Mistry SK, Wu G, Morris SM (2000) Arginase I: a limiting
factor for nitric oxide and polyamine synthesis by activated macrophages?
Am J Physiol Regulatory Integrative Comp Physiol 279: R2237–R2242.
36. Fligger J, Blum J, Jungi TW (1999) Induction of intracellular arginase activity
does not diminish the capacity of macrophages to produce nitric oxide in vitro.
Immunobiology 200: 169–186.
37. Gaur U, Roberts SC, Dalvi RP, Corraliza I, Ullman B, et al. (2007) An effect of
parasite-encoded arginase on the outcome of murine cutaneous leishmaniasis.
J Immunol 179: 8446–8453.
38. Haynes L, Swain SL (2006) Why aging T cells fail: implications for vaccination.
Immunity 24: 663–666.
39. Bender BS, Tallman E (1992) The heterogeneity of the age-related decline in
immune response: impairment in delayed-type hypersensitivity and cytotoxic T-
lymphocyte activity occur independently. Exp Gerontol 27: 347–354.
40. Marin VB, Rodriguez-Osiac L, Schlessinger L, Villegas J, Lopez M, et al. (2006)
Controlled study of enteral arginine supplementation in burned children: impact
on immunologic and metabolic status. Nutrition 22: 705–712.
41. Albina JE, Mills CD, Henry WL, Jr, Caldwell MD (1990) Temporal expression
of different pathways of 1-arginine metabolism in healing wounds. J Immunol
144: 3877–3880.
42. Curran JN, Winter DC, Bouchier-Hayes D (2006) Biological fate and clinical
implications of arginine metabolism in tissue healing. Wound Repair Regen 14:
376–386.
43. Humphreys NE, Grencis RK (2002) Effects of ageing on the immunoregulation
of parasitic infection. Infect Immun 70: 5148–5157.
44. Cillari E, Milano S, Dieli M, Arcoleo F, Perego R, et al. (1992) Thymopentin
reduces the susceptiblity of aged mice to cutaneous leishmaniasis by modulating
CD4 T cell subsets. Immunology. pp 362–366.
45. Dye C, Williams BG (1993) Malnutrition, age and the risk of parasitic disease:
visceral leishmaniasis revisited. Proc Biol Sci 254: 33–39.
46. Davies CR, Mazloumi Gavgani AS (1999) Age, acquired immunity and the risk
of visceral leishmaniasis: a prospective study in Iran. Parasitology 119 (Pt 3):
247–257.
47. Southgate BA, Oriedo BV (1967) Studies in the epidemiology of East African
leishmaniasis. 3. Immunity as a determinant of geographical distribution. J Trop
Med Hyg 70: 1–4.
48. Ben Salah A, Louzir H, Chlif S, Mokni M, Zaatour A, et al. (2005) The
predictive validity of naturally acquired delayed-type hypersensitivity to
leishmanin in resistance to Leishmania major-associated cutaneous leishmani-
asis. J Infect Dis 192: 1981–1987.
49. Bucheton B, Kheir MM, El-Safi SH, Hammad A, Mergani A, et al. (2002) The
interplay between environmental and host factors during an outbreak of visceral
leishmaniasis in eastern Sudan. Microbes Infect 4: 1449–1457.
50. Harms G, Fraga F, Batroff B, Oliveira F, Feldmeier H (2005) Cutaneous
leishmaniasis associated with extensive lymphadenopathy during an epidemic in
Ceara State, northeast Brazil. Acta Trop 93: 303–310.
51. Yaghoobi-Ershadi MR, Jafari R, Hanafi-Bojd AA (2004) A new epidemic focus
of zoonotic cutaneous leishmaniasis in central Iran. Ann Saudi Med 24: 98–101.
52. Yaghoobi-Ershadi MR, Hanafi-Bojd AA, Javadian E, Jafari R, Zahraei-
Ramazani AR, et al. (2002) A new focus of cutaneous leishmaniasis caused by
Leishmania tropica. Saudi Med J 23: 291–294.
53. Yaghoobi-Ershadi MR, Akhavan AA, Zahraei-Ramazani AV, Abai MR,
Ebrahimi B, et al. (2003) Epidemiological study in a new focus of cutaneous
leishmaniasis in the Islamic Republic of Iran. East Mediterr Health J 9: 816–826.
Arginase and Leishmaniasis
www.plosntds.org 10 May 2008 | Volume 2 | Issue 5 | e235
